Surface diffusion of H$ and SO, m alumma membranes with an average pore diameter of ca 350 mm, impregnated with y-Al,Os, IS studied as a function of pressure at temperatures between 446 and 557 K Diffusion through the gas phase m the pores of the membrane almost entirely takes place m the contmuum reome The pressure dependence of transport by cbffuaon through the gas phase and by surface diffusion 1s different, a fact which IS used for the mterpretatlon of the steady-state diffusion measurements It IS observed that the contrlbutlon of surface cbffuwon to the total diffusion through the membrane can be as high as about 40% The surface diffusion data obtained are interpreted by a theoretical surface diffusion model using two parameters to be fitted, the product of the effective surface chffuslon coefficient, the concentration of the adsorpkon sites and the adsorption parameter as well as the adsorption parameter itself The parameters fitted for SO2 show a remarkable change between 498 and 525 K This probably maybe attributed to a change m the adsorbed species also reported m literature The parameters fitted for H2S at different temperatures show a maximum, however, the product of the effective surface dtifusion coefficient and the concentration of the adsorptlon sites increases w&h temperature
Introduction
A novel type of membrane reactor has been developed m which the membrane 1s not used to separate components but to keep reactants separated from eachother [l] The reactants are fed to opposite sides of a porous membrane and lffuse mto the membrane from either side.
Therefore m principle no pressure difference IS applied over the membrane contrary to the usual apphcatlon of membranes The membrane contains a catalyst, or 1s catalytically active by itself, for a heterogeneously catalyzed chemical reaction between the reactants Provided that the rate of the reaction 1s fast compared to the diffusion rates of the reactants the process will be lffuslon limited A reaction zone which 1s small compared to the membrane thickness will occur inside the membrane leading to a reaction plane in case of an mstantaneous irreversible reaction. The location of the reaction zone inside the membrane will be such All rights reserved that the molar fluxes of the reactants are in stolchiometric ratio. If the concentration of one of the reactants for some reason changes this will automatically result in a shift of the location of the reaction zone until the molar fluxes of both reactants are m stolchiometric ratio again. Finally the products will diffuse out of the membrane to both sides.
As a model reaction the Claus reaction [ 21 is used to study this membrane reactor 2 H,S+SO,+S,+2 Hz0 (I)
The membrane used is made of a-Al,O, with a mean pore diameter of ca. 350 nm impregnated with y-A1203, a well known catalyst for the Claus reaction The molar fluxes of the reactants into the membrane can be calculated assummg an instantaneous irreversible reaction inside the membrane and neglecting mass-transfer reslstances m the gas phase outslde the membrane. The transport is based on the combmation of Knudsen and contmuum diffusion through the gas phase m the pores of the membrane The calculation of the molar fluxes requires knowledge of the mean pore diameter and the porosity-tortuosity factor of the membrane. As a result of the assumptions the molar fluxes calculated are the highest possible provided that diffusion through the gas phase m the pores of the membrane is the only transport mechanism. Conversion measurements at a temperature of 549 K m the absence of a pressure dlfference over the membrane, however, resulted m effective diffusion coefficients of H2S and SO, that seemed to be high compared to the continuum diffusion coefficients calculated from gas kinetic theory [ 11. Possibly an addltional transport mechanism takes place probably being surface dlffuslon. In order to verify the occurrence of surface &ffuslon of H,S and SO, m the membrane, steady-state diffusion measurements, in the absence of a pressure dlfference over the membrane, were carried out that are discussed m the present study
Theory
Transport owing to the combination of dlffusion through the gas phase m the pores of the membrane and surface diffusion is studied in the steady state using ceramic membranes with a flat sheet geometry. The total transport in the absence of a pressure difference over the membrane of component z owing to the combmation of diffusion through the gas phase m the pores of the membrane and surface diffusron is described by eqn (2) :
In the present study it was assumed that the pores could be regarded as ideally cyhndrlcally shaped although this assumption is questionable for alumina membranes Another complicating factor is the homogeneity of the distribution of the y-alumina over the a-alumma surface mslde the membrane. As the main obJective of the present study was to demonstrate the occurrence of surface diffusion effects in ceramic membrane reactors no special attention has been paid to the actual pore contiguration Moreover, another pore shape only affects the value of the constants of the nommator of the term for J,, surf in eqn. (2), e g rectangular pores have also a value of 4
The geometric factor 4/d, m eqn (2) arises from the fact that transport owmg to diffusion through the gas phase m the pores is proportional to the cross-sectional area of the pores, therefore proportional to ds, whereas transport owing to surface diffusion is proportional to the circumference of the pores, therefore proportional to d, The molar flux of component z through the gas phase in the pores of the membrane is described by Fick's law (eqn 3 ) using the Bosanquet formula for the combina-tion of Knudsen and continuum diffusion the principle of resistances in series.
by (3) with The Knudsen and contmuum diffusion coefficients DzK and Dzlne. are calculated from the gas kinetic theory [ 31 The porosity-tortuosity factor E/Z of the membrane is determined by permeation measurements with a pure gas Surface diffusion is also described by Fick's law as presented by eqn (4) J I, surf = -D;,f;urfcsz (4) In eqn. (4) cs is the total concentration of adsorption sites on the surface ( mole/m2) and 19, the fraction of the adsorption sites occupied by component L. Assummg that the adsorption and desorption kinetics are fast compared to the transport rates of component z through the pore and assummg a Langmuir adsorption isotherm, 0, can be calculated by eqn. (5) m which b, is the adsorption parameter. 
From literature [4, 5] it is known that the adsorption parameter b, as well as the surface diffusion coefficient D,, surf depends on the fraction of the adsorption sites occupied by 265 component z, I$, owing to the fact that there usually is a distribution function of the heat of adsorption instead of a single value As the adsorption sites with a high heat of adsorption are occupied preferentially, an increase of 0, results m a decrease of the average heat of adsorption of the remammg not-occupied adsorption sites This results in a decrease of the adsorption parameter b, for these sites but at the same time in an increase of the mobihty represented by D t, surf for these sites. Therefore the product of W ~, surf is expected to be relatively independent of the fraction of the adsorption sites occupied by component z, 0, Substitution of eqns. (3) and (6) 
If the pore diameter of the membrane is sufficiently large and the pressure is sufficiently high, diffusion through the gas phase is takmg place m the contmuum regime The effective diffusion coefficient D ;,fias is therefore equal to the effective contmuum diffusion coefficient which is mversely proportional to the pressure and so the first term in the right hand side of eqn (8) is independent of pressure. The second term m the right hand side of eqn. (8)) representing transport owmg to surface diffusion, however, is lmearly dependent on the pressure, provided that the fraction of the adsorption sites covered by component z IS relatively low. This difference m pressure dependence can be used to discrimmate between both transport mechamsms Rearrangement of eqn (8) results m eqn (10).
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The left hand side of eqn (10) is plotted as a function of pressure This should result m a straight lure through the origin, the slope being equal to (4/dp)DL,sur&r~s provided that the fraction of the adsorption sites covered by component z 1s relatively low If the product m the denommator of eqn (lo),
is not close to unity thus will result m a downward deviation of the straight surface-diffusron lure at higher pressures In porous media usually a distribution function of the pore diameter of the membrane is present It has to be determined whether this distribution has an influence on the overall molar fluxes that will be determined by experiments According to literature [ 61 the standard Johnson and Steward effective diffusion coefficient from steady-state diffusion measurements must be calculated from eqn. (11).
dp=co Df"f = s of"(dp)pddp
In eqn (11) f( dp) represents the volume fraction of pores with a diameter equal to dP In the derivation of eqn ( 11) , using the parallel pore model, it is assumed that the tortuosity of the pores is independent of the pore diameter Usmg the parallel pore model results m the maximal possible influence of the pore size distribution on the molar fluxes and this therefore can be regarded as a conservative approximation
The distribution function of the pore dlameter of the impregnated membrane was measured usmg mercury porosimetry and is presented m Fig. 1 .
As the determmation of the drstribution function of the pore diameter takes place with only a small part of the membrane as a sample, it was checked whether this distribution function is constant over the entire membrane. Therefore this measurement was also carried out with another sample of the same membrane The agreement of the average pore diameters calculated from both drstribution functions was wlthm 3% The average pore diameter of the membrane based on the pore area is 309 nm and based on the pore volume it is 322 nm, calculated by eqns. (12) volume averaged In the contmuum regime in the presence of surface diffusion the overall effective diffusion coefficient as a function of the pore &ameter can, according to eqn (7)) be presented by eqn (13) D;ff(dp) =cl +$ P
Substitution of eqn (13) mto eqn. (11) results m the expression that must be used to calculate the average pore diameter for the combmation of contmuum diffusion and surface diffusion
From eqn (14) an average pore diameter of 256 nm is calculated This average pore diameter has to be used in the factor 4/d, in eqn. (10).
Experimental setup
The experimental setup used to measure molar fluxes through the membrane is presented schematically m Fig. 2 .
Hydrogen sulfide m nitrogen or sulfur dioxide m nitrogen is fed by a mass flow controller to the membrane reactor to one side of the membrane and nitrogen is fed by a mass flow controller to the other side of the membrane The reactor is made of stamless steel and consists of three parts, the upper chamber, a membrane holder and the lower chamber kept together by bolts. Both reactor chambers are well stirred and considered to be ideally mixed to simplify the interpretation The reactor is heated by an electric oven and the temperature m the reactor is controlled. The exit stream of the reactor at the nitrogen side of the membrane contains a mass flow controller This mass flow controller is used to keep the flow at the nitrogen side of the membrane constant which results m a pressure difference over the membrane of zero In order to check the pressure difference over the membrane a U-tube contammg coloured water connects the two mlet streams Just before the reactor The pres-sure m the reactor is controlled by a flow regulator m the exit stream at the hydrogen sulfide m nitrogen side of the membrane The exit stream at the nitrogen side of the membrane contaunng hydrogen sulfide is analyzed by gas chromatography using a flame photometric detector The column used is a Chromosil column operated at a temperature of 323 K In Fig 3 the sealing of the membrane m the stainless steel holder is presented schematltally The membrane holder contains successively a sealing ring made of Fluorescent@, a mica remforced teflon, the membrane, a second sealing ring, a pressure ring and a ring contammg three bayonet catches by which it is connected to the stamless steel holder. This rmg contains six 2 mm screws that, after tightenmg, are pressing on the pressure rmg which is used to distribute the pressure exercised over the sealing ring The membrane holder is connected to the H,S and SO, chambers by bolts on the outside For seahng between these compartments Fluorescent@ rings are used again. The membranes used were obtamed from ECN, Petten and were made of cx-Al,O, and had a flat sheet geometry with a diameter of 55 mm and a thickness of about 5 mm These membranes were impregnated with a saturated solution of alummum nitrate with ureum m water. After drying and calcunng at 700 K for 2 hr ~-A1~0~ was obtained, the amount impregnated was of the order of 4 5 wt.% Measurements were carried out in the steady state and the time required to obtain the steady state was of the order of 1 to 1.5 hr, the first measurement of each day reqmrmg 3 to 4 hr to stabilize the system.
From the analysis the bulk concentration of hydrogen sulfide at the nitrogen side, which has diffused through the membrane, IS determined and with the flow of nitrogen the molar flux of hydrogen sulfide times the membrane area is calculated The bulk concentration of hydrogen sulfide at the high concentration side of the membrane is calculated from an overall mass balance This balance was checked by analysmg both exit streams together and the agreement was always within 0 5% As the molar flux of hydrogen sulfide times the membrane area was at least 20% of the flow of hydrogen sulfide into the reactor the accuracy of the molar flux of hydrogen sulfide or sulfur dioxide measured, based on the agreement of the overall mass balance, was always within 2 5%. The reproducibility of the measurements was always within a few percent 4. Determination of the porositytortuosity factor, E/Z, of the membrane In order to be able to subtract the molar flux through the gas phase in the pores of the membrane from the experimentally determined molar fluxes the porosity-tortuosity factor, e/z, of the membrane has to be determined The poroslty-tortuoslty factor of the membrane IS measured by permeation measurements with a pure, non-adsorbing gas These permeation measurements consisted of forcing a pure gas through the membrane and measuring the pressure drop over the membrane as a function of the flow through the membrane and the average pressure.
The transport through the membrane 1s m this case caused by the combmation of Knudsen diffusion and viscous flow and is presented byeqn (15) 
The average pressure m eqn. (16) follows dlrectly from the mtegratlon and therefore it is not necessary to have a pressure drop over the membrane that is small compared to the pressure itself Plottmg J,/dP as a function of the average pressure should result m a straight hne Both from the intercept and from the slope of this lure the porosity-tortuosity factor of the membrane can be calculated. In order to check this experimental techmque permeation measurements were performed both with nitrogen and with helmm at a temperature of 533 K and using the impregnated membrane. In Fig 4 Table 1 the results for the parameters are given for helmm and for nitrogen.
Before calculatmg the porosity tortuoslty factors from the data m Table 1 the results obtamed for He are compared with those obtamed for N, The values of Bo, bemg a membrane specific parameter, see eqn (15)) determined with helium and nitrogen should be identical From Table 1 it can be concluded that the values agree within 3% The ratio of the effective Knudsen diffusion coefficients determined for helium and nitrogen should be equal to the inverse of the square root of the ratio of the molar masses of hehum and nitrogen as can be seen from eqn (15) Comparmg the experimentally determined ratio of the effective Knudsen diffusion coefficients of 2.473 with the theoretical ratio of 2 645 the agreement appears to be good as the deviation is about 6 5% Therefore from the results of the measurements with helium and mtrogen it can be concluded that this technique can be used to determme the characteristic membrane parameters.
From the effective Knudsen diffusion coefficient and from the value of B,, the porosltytortuoslty factor of the membrane c/7 can be calculated, see eqn. (15). As viscous flow 1s proportlonal to d: the average pore diameter to be used m the calculatron of E/Z from II,, IS the volume averaged pore diameter, 322 nm. However m the calculation of c/7 from the effective Knudsen drffuslon coefficient the area averaged pore diameter, 309 nm, must be used as Knudsen flow 1s proportional to d,. The values of the porosity-tortuoslty factor E/Z calculated are given m Table 2 .
From Table 2 rt can be concluded that the porosity-tortuoslty factor, t/7, of the membrane determined from the vrscous flow parameter B,, 1s about 24% lower compared to the value determined from the effective Knudsen dlffusron coefficient A possible explanation 1s the use of the parallel pore model whereas in practice the drstrlbutron of the pore diameter can very well be located m the mdlvidual pores As the membrane parameter B,, 1s proportional to tl': whereas the effective Knudsen dlffuslon coefficrent is proportronal to d, an obstructron inside the pore having a smaller pore diameter reduces vrscous flow more effectively than Knudsen dlffuslon So the porosity-tortuoslty factor, E/Z, of the membrane calculated from B,, 1s reduced more by the occurrence of an obstructlon msrde the pore compared to the porosrty-tortuosity factor calculated from the effective Knudsen dlffusron coefficient.
Because m the drffusron measurements transport 1s caused by diffusion processes and not by VE.COUS flow, as there 1s no pressure dlfference over the membrane, the poroslty-tortuoslty factor c/7 determined from the effective Knudsen drffuslon coefficient will be used m the interpretation of the drffusron measurements 5, Determination of the mass transfer parameter in the gas phase, k, For the mterpretatlon of dlffusron data, the difference m the pressure dependence of &ffu-sron through the gas phase m the pores of the membrane and surface diffusion is used. Therefore rt 1s important to interpret the measured data using the correct pressure dependence of the mass transfer parameter in the gas phase, k,, outside the membrane The mass transfer parameter, lz,, as a function of pressure and temperature can usually be described by a Sherwood (Re,Sc) relation as presented in eqn Values of m and n m eqn (17) as reported m literature, determined in gas-hqmd systems in stirred cells with a smooth interface, are m= 2/3 and n= l/2 [9]. For these gas-liquid systems rt appeared that constant C1 is negligible From eqn (17) and these values of m and n the dependency grven m eqn (18) 1s calculated
with D L.,rt the diffusion coefficient at a pressure of lo5 Pa Since the difference between the contmuum dlffusron coefficients at atmosferrc pressure of H,S and SO, m N, is about 30%, the k, values for H2S and SO, will drffer only about 15%. The influence of the temperature on Iz, m the range of 450 K to 550 K where diffusion measurements were performed, is limited to about 5%, according to eqn. (18). The difference of the k, value between a pressure of lo5 and 6 x lo5 Pa, however, is about 50% according to eqn (18) Therefore, and to determine the value of the constant C2 in eqn ( 17)) kg measurements were performed as a function of pressure m the experimental setup used for diffusion measurements
The mass transfer parameter in the gas phase outside the membrane, &, was measured by performing conversion measurements with H,S and SO, at a temperature of 534 K. H,S m N2, with a H,S molar fraction of 0 03, and SO, m N2, with a molar fraction of SO, of 1500 ppm, are fed to opposite sides of the porous membrane Both reactants diffuse through the stagnant gas film outside the membrane into the membrane and react very fast resulting m a very small reaction zone as was pointed out m the mtroductlon Owing to the high molar fraction of H,S the location of this reaction zone is entirely shifted towards the membrane interface at the SO, side and mass-transfer limitation of SO, m the gas phase outside the membrane occurs In this situation slip of H,S to the opposite side of the membrane occurs From the determination of the conversion of SO, the masstransfer parameter lz, is calculated as a function of pressure To check whether the Fz, values The mass transfer parameter Izg as a function of the pressure P can be described by eqn (19).
with P m lo5 Pa Except for two data all experimentally determined k, values can be described according to eqn. (19) wlthm 15% Although m the present study k, has been determined m a completely different experimental setup and conditions compared to those m Ref [9] , the agreement between the pressure dependence of kg determined, -0.16, and literature data [9] , -l/3, can be regarded as remarkably. Especially if is taken mto account that the interface of Versteeg et al. [9] was a freely movmg gas-liquid interface and m the present study a fixed ceramic interface was used The kg data given by eqn (19) are used m the mterpretatlon of the diffusion measurements.
Results from diffusion measurements
Diffusion measurements as a function of pressure were performed both with H,S and From Fig. 6 rt can be seen that there 1s a substantial drfference between the transport expected on the basis of only dlffuslon through the gas phase m the pores of the membrane and the experimentally observed transport; the dlfference amounts to 60 to 80% based on gas phase drffuslon. From the fact that the line representing gas phase diffusion 1s not entirely mdependent of the pressure it can be concluded that the experiments performed at these lower pressures are not yet completely m the contmuum regime Subtraction of the transport through the gas phase m the membrane from the experimentally determined transport gives the contrlbutlon of surface dlffuslon (see eqn.
10) The line representing surface dlffuslon, which accordmg to eqn. (10) should pass through the ongm, 1s not straight but curved Apparently the denommator m the surface dlffusion term in eqn (10) plays a role, meaning that at the highest pressures the fraction of the adsorption sites covered by SO, 1s not neghglbly small. As the curvature is caused by the adsorption parameter b, the data can be used to determine both the product II,, with N the number of experimental data and at the two highest temperatures as only m that situation an acceptable accuracy of the adsorption parameter b, is present Successively now the data obtained for SO, and H,S are discussed.
1 Surface dlffuston data of SO, on y-A&O3
In Table 3 the fitted parameters for SO, are presented at different temperatures, also the calculated value of the product Dz,scs and the average relative deviation between the theoretical surface diffusion model and the experimental data are given. A graphical comparison of the experimental surface diffusion data and the theoretically fitted data as a function of pressure at different temperatures is given m Fig 7 From Table 3 it can be seen that the parameters DL,$,cS and b, fitted can be divided mto two groups, the data at temperatures of 447,473 and 498 K and the data at 525 and 548 K The surface diffusion data within these two groups of temperatures are reasonably constant but there is a remarkable difference between the two groups of data From a change of the temperature of 498 to 525 K the fitted adsorption parameter, b,, increases suddenly by about a factor of 10 whereas the value of the product DL,&cs increases by about a factor of 2. The values of the product DL,qzs are only presented Studies m literature concernmg the adsorption of SO, on y-A&O3 reveal that there are different adsorbed species, physically adsorbed SO, and a weakly chemlsorbed SO, amon [lo- 131 Ono et al [ 111 studied the formation of SO; anions on y-AlaOs as a function of temperature using electrospm resonance and found a maximum m the amount of SO; anions at a temperature of 513 K of approximately 10 percent of the SO, adsorbed. Karge et al.
[ 121 reported also a sudden decrease of the relative amount of SO, anions, however, at a higher temperature between 550 and 650 K Chang [ 131 measured adsorption isotherms of SOa on y-AlaOs and found a gradual decrease m the amount of SO, adsorbed m a temperature region of 298 to 773 K which is m contradiction with the increase of the adsorption parameter b, between 498 and 525 K as presented m Table  3 Deo and Dalla Lana [lo] studied the adsorption of SO, on Y-A&O~ using infrared spectroscopy and reported a remarkable change m the infrared absorption spectra between 473 and 573 K The absorption band at 1685 cm-l, observed at temperatures up to 473 K, has dlsappeared at 573 K and absorption bands at 1440 and 1570 cm-l, that hardly occur up to 473 K, are much stronger at 573 K This indicates that H J Sloot et al fJ Membrane SCL 74 (1992) 263-278 
In eqn (23 ) M 1s the molar mass and p the density of the adsorbate as a saturated hquld From eqn. (23) a value of cs of 9 5 x 10W6 moleme2 1s calculated From Table 3 an effective surface diffusion coefficient of SO, of about 1x10-' m-2-set-1 results. Using the poroslty-tortuoslty factor of the membrane of 0 096 a surface &ffusion coefficient of SO, of 1 X lo-' m -2_sec-1 results which 1s of the same order of magnitude compared to the values reported m literature by Gllhland et al. [ 
51.
To determine the influence of the masstransfer parameter m the gas phase outside the membrane, k,, on the interpretation of the dlffusion measurements, eqn. (18), two addltlonal fits were performed One fit uses values for lz, that are increased by 50% and the other fit uses a dependence of lz, of the pressure P of the power -l/3 as found m literature [ 91. In the last case the constant was adjusted to give the same k, values at an average pressure of 0.5 MPa. In the first sltuattlon, using a 50% higher kg, the parameters D1&cs and b, fitted were only 4 to 8% lower. Lower values are expected as the decrease of the mass-transfer resistance in the gas phase outside the membrane results m an increase of the driving force over the membrane Itself and as a result a larger part of the experimentally observed molar flux is ascribed to diffusion through the gas phase m the pores of the membrane In the second situation, a different pressure dependence of k,, the surface diffusion parameters fitted deviated less than 1% compared to those presented m Table 3 Therefore the exact relationship glvmg k, as a function of pressure is not very important for the interpretation of surface diffusion data m the system used 6 2 Surface dlffuslon data of H,S on y-A&O, Diffusion measurements of H,S through the membrane as a function of pressure were carried out at temperatures between 446 and 557 K. The contrlbutlon of surface diffusion was calculated m the same way as described before. The surface diffusion parameters DL,S~SbL and b, were fitted from the data and the results are presented m Table 4 From Table 4 it seems that both the product Dz,S~Sbr and the adsorption constant b, show a maxlmum as a function of temperature whereas the product Qscs mcreases with temperature A graphical comparison of the experimental data and the theoretical data predicted using the fitted parameters 1s given m Fig 8 
Conclusions
It 1s demonstrated experimentally that surface diffusion of H2S and SO, m an alumma membrane with an average pore hameter of 322 nm, impregnated with y-A1203, can contribute substantially to the transport rate Moreover, for this system it 1s of almost the same order of magnitude as the transport caused by ordinary diffusion through the gas phase m the pores Owing to the large pore diameter diffusion through the gas phase m the pores of the membrane is determined almost completely by continuum diffusion and the molar flux is therefore independent of pressure. Surface diffusion however is linearly proportional to the pressure provided the fraction of the adsorption sites covered is very low It is demonstrated that the resultmg difference m pressure dependence of both transport mechanisms can be used to dlstmgmsh between diffusion through the gas phase m the pores and surface diffusion.
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As the fraction of the adsorption sites covered with H,S or SOz appears to be conslderable, it was necessary to use a two parameter fit, the product DI,scsbL and the adsorption parameter b, itself, to interpret the surface drffuslon data For SO, the fitted surface diffusion parameters show a remarkable change between 498 and 525 K which probably can be attrlbuted to the change of some chemlsorbed species as has been reported m literature. The order of magnitude of the data found are m reasonable agreement with literature data. For H,S the parameters fitted show a maximum with temperature, but the product of the effective surface diffusion coefficient and the concentration of adsorption sites increases with temperature. 
